Abstract The paper divided the whole coal life cycle, explained each phase characteristics, and took coal mine in China as a study case to assess the ecological risk in coal utilization phase. The main conclusions are as follows: (1) the whole coal life cycle is divided into coal mining, processing, transportation, utilization, and waste disposal. (2) The key points of production organization and characteristics in the five phases have great differences. The coal mining phase is characterized by the damage of the key ecological factors (water, soil, atmosphere, vegetation, etc.) damaged while the coal processing phase by discharging waste. The characteristics in coal transportation phase mainly performance as escaping and migration of atmospheric pollutants. In coal utilization phase, the main characteristics are aggravation of greenhouse effect. The main characteristics of waste disposal phase are accumulation of negative ecological effects on the land. (3) The ecological risk of soil heavy metals is serious in coal utilization phase. The potential ecological hazard coefficients of Pb and As in coal, residue and ash are all lower than 40, presenting low environmental impact on soil; the potential ecological risk coefficients of Cd are higher than 60, nearly half of their potential ecological risk coefficients are higher than 160, which presents high environmental pollution impact on soil; Hg's potential ecological risk coefficients are higher than 320, presenting the highest environmental pollution impact on soil; the comprehensive pollution indexes in coal, residue, and ash are relatively high, which means the pollution hazard potential to soil environment is high. (4) The ecological risk of the atmospheric solid suspended matter is relatively strong in coal utilization phase. The ecological risk of Cd and As in primary flue gas is both lower than net flue gas. The geoaccumulation indexes of Cd and Hg in primary flue gas and net flue gas are both higher than 5, presenting the very strong ecological risk; 50 % of the geoaccumulation index values of As are between 3 and 4, which has also presenting a strong ecological risk while Pb does not present the ecological risk characterization.
Introduction
Life cycle is the sequence of life stages that an organism undergoes from birth to reproduction ending with the generation of the off spring (Ma et al. 2010; Zhu 2004) . Life cycle assessment (LCA) is an evaluation of a product, process or activity from the collection and processing of raw materials to production, transportation, sale, utilization, recovery, conservation, recycling, and final disposal process throughout the whole life cycle of the relevant environmental load (Consoil et al. 1993; Fan et al. 2007; ISO/DIS 1997) . The basic structure of LCA includes objective definition and scope determination, inventory analysis, impact assessment, and improvement analysis. Recently, LCA has been widely used in the fields of energy utilization and environmental impact assessment of the product or service system (Finnveden et al. 2009; Distsele and Awuah 2012; Liang et al. 2013) , and most of them are directly or indirectly related to the coal resources.
The exploitation and utilization of coal resources have obvious life cycle (Wang 2007; Awuah-Offei and Adekpedjou 2011; Burchart-Korol et al. 2016) , and the whole coal life cycle refers to the various phases and whole process from the raw coal mining to the final waste disposal. For a long time, coal resources have played an important role in providing energy for human use due to the characteristics of cheapness and reliability. However, the processes of coal exploitation and utilization are always along with the phenomenon of disturbing and damaging to the ecological environment elements in regional ecosystem seriously, e.g., the concentration of atmospheric PM2.5 increasing, PM is the abbreviation of particulate matter and PM2.5 means the particulate matter less than or equal to 2.5 μm in the atmosphere, (Zheng 2014; Liberda et al. 2015) , water pollution (Bukowski 2015) , land destruction (Li 2009 ). Therefore, the research of ecological destruction and restoration in the processes of coal exploitation and utilization have become an important field, and most of the researches are focusing on three aspects: major environmental pollution problems in the processes of coal exploitation and utilization (Mangena and Brent 2006; Chinh et al. 2007) , comprehensive utilization of mine water, coal gangue and other wastes produced along with the coal production (Mukherjee et al. 2008; Wang et al. 2012) , and technology and measures of clean coal (Solveig 2005; Wang 2011; Alvaro et al. 2015) . The priority for production organization, the level, and form pollution as well as the environmental behavior characteristics and ecological risk on environment in each phase of the coal life cycle are different, and it is necessary to analyze each phase characteristics and evaluate the ecological risk based on the rational phase division of the whole coal life cycle. The research of applying life cycle theory to the coal exploitation and utilization is incomplete for now, which mainly applies the LCA theory to assess the ecological impact on the processes of coal exploitation and utilization (Qian et al. 2003; Naser and Timothy 2008; Xiang et al. 2015) , and lack of scientific, systematic research on the ecological risk assessment in each phase of the whole coal life cycle. Therefore, the paper studied the phase division of the whole coal life cycle and each phase characteristics, and took coal in Xuzhou, China as an example to evaluate the ecological risk in coal utilization phase. Results of the study can clear each phase characteristics of the whole coal life cycle and the ecological risk of coal exploitation and utilization, and so that provide proposals for rational exploitation of coal resources.
Phase division of the whole coal life cycle
Division basis
Life cycle theory has been developed and improved continuously, and gradually penetrated into various industries in the human economic society, the coal industry is no exception. In April 2000, nine top mineral companies in the world started the BMining, Minerals and Sustainability (MMSD)^project and started to introduce the life cycle theory into the study on sustainable development of mining industry. In 2002, the Implementation Plan of the World Summit on Sustainable Development summited in Wo r l d S u m m i t o n S u s t a i n a b il i t y D e v e l o p m e n t Conference, Johannesburg, South Africa, proposed that all relevant agencies need to consider the whole mining life cycle, and governments are advocated to use the life cycle theory to evaluate the contribution of mineral resources and mining industry to sustainable development.
The coal mine life cycle refers to the whole process from construction to the mine closure, and its research object is coal mine. For now, there are many references have been researched the phase division of the coal mine life cycle, e.g., Tong divided the coal mine life cycle into coal mine construction phase, mine production phase, expansion phase, and abandoned treatment phase (Tong et al. 2013 ); Wang divided the coal mine life cycle into planning period, building well period, putting into operation period, production period, stable production period, aging period, and succeeding period (Wang et al. 2009 ); Donoghue divided the coal mine life cycle into mine construction stage, production stage, recession stage, and transition stage (Donoghue 2000) .
There are also many researches on the phase division of the coal life cycle. Steinmann divided the coal life cycle into extraction stage, transportation stage, and a power plant (Steinmann et al. 2014 ); Babbitt divided the coal life cycle into coal mining and preparation, coal combustion, and coal combustion product disposal (Babbitt and Lindner 2008) . Some major coal producing and consuming countries also have their own phase division of the coal life cycle. For example, the USA is one of the largest coal producing and consuming countries in the world, which has established an integrated, efficient clean coal production and energy conversion system. The system mainly includes coal mining, coal drying, and power plant combustion to produce electric energy and water vapor. South Africa is the third largest coal exporter in the world, secondly only to Australia and the USA. In South Africa, about 40 % of fuel comes from coal resources, and the coal resources are mainly used for combustion power generation and oil refining. The process of coal exploitation and utilization includes coal mining, coal washing and liquefaction, and coal utilization. Poland is rich in coal resources and is the most important coal producing and exporting countries in the world. Its coal mining history has been more than 400 years, 65 % of coal resources in Poland are used for power generation and centralized power supply, and the process of coal exploitation and utilization includes coal mining, coal screening and machining of raw coal, coal combustion for power generation and energy supply.
Five phases division for the whole coal life cycle By summarizing the existing research results and the processes of coal exploitation and utilization in major coal producing countries of the world, the coal exploitation and utilization both contain coal mining, coal processing, and coal utilization. In China, coal resources are mainly distributed in the northwest region, while the coal consumption industries are concentrated in the southeast coastal areas. Due to the situation that the coal resources distribution is not adapted to the productive forces, the long distance coal transportation patterns from west to east and north to south are difficult to change in the short term. At the same time, 90 % of coal mine in China is underground mining, leading the surface subsidence becomes one of the main land destruction forms, and waste backfill treatment is one of the main restoration technologies. Therefore, the coal transportation and waste disposal are also important parts in the process of coal exploitation and utilization in China. By combining with the processes of coal exploitation and utilization in the main coal mining countries of the world, relevant researches, and the characteristics of coal and coal mine in China, the whole coal life cycle can be divided into five phases: coal mining, coal processing, coal transportation, coal utilization, and waste disposal (Fig. 1) . The phase division of the whole coal life cycle can reflect the integrity of the coal life cycle and the diversity among each phase characteristics, and conducive to systematically study on the coal ecological risk assessment.
Each phase characteristics of the whole coal life cycle Description in the whole process of the coal life cycle
The whole processes of coal exploitation and utilization are divided into four periods, planning period, commissioning period, stable exploitation period, and recession period. The five phases of the whole coal life cycle are a continuous cycle process, and the priority for each period of the coal exploitation and utilization is different. Coal resources are the major basic energy for the development of the national economy, which results in the continuous accumulation of ecological negative effects, imbalance of the ecosystem, and threating the ecological stability, and security of coal mining area. In addition, the high strength exploitation accelerates the depletion of coal resources and result in a series of social, ecological, economic problems (e.g., forming the single industrial structure, seriously damaging the ecosystem, and increasing unemployment and poverty in a certain degree), which restricts the sustainable development of the society and ecology in the mining area, even the whole region. The whole process characteristics of coal life cycle are shown in 
Main characteristics in each phase
Coal mining phase: water, soil, atmosphere, and other key ecological elements are damaged Due to the non-mobility of coal resources, the infrastructure construction and coal mining must lead to the destruction of water, soil, atmosphere, and other key ecological elements in mining area. The negative effects result in ① water resources depletion. Mining activities change the hydrogeological conditions in the mining area, the structures of coal seam surrounding rock and aquifer are destroyed, which results in the underground water and surface water in coal mining swarming into the pit. Therefore, the surface water system is damaged, the underground water level is reduced, and the water resource is exhausted. At the same time, a large number of untreated mine water is discharged directly, which makes the rivers and lakes surrounding the mining area polluted seriously. ② Land resource damage. The main damage forms of land resources caused by coal mining are land pressure, land digging, and land collapse. Coal gangue and other solid waste pressure a large number of land resources, and the coal gangue emission is generally accounted for 20 % of the raw coal's output. In China, over 90 % of coal mining is underground mining, and land collapse is the main form of land destruction, which results in a sharp reduction of arable land area, and exacerbates the contradiction between land and people. It is also easy to cause geological disasters. ③ Atmosphere pollution. The coal dust from open pit blasting and dump gangue, waste gas, and coal mine gas are the main atmosphere pollution sources in the coal mining phase. According to the statistics of the national economic and social development during 2005 to 2013, in 2013, one ton of raw coal produced with 5.27 m Coal processing phase: solid and liquid waste are discharged
Coal processing refers to process the raw coal to improve its quality or use value by mechanical, physical, chemical, and other methods. It mainly includes crushing and screening, washing or dry cleaning, coal blending, and indigenous coking. Coal processing process produces a large number of toxic and harmful pollutants, the effects include: ① Gangue, coal slime, and other solid waste produced in washing and dry cleaning process pile up directly, which presses the land and pollutes the soil and groundwater in mining area seriously due to the long-term weathering and eluviation. ② Wastewater containing SS (solid suspended matter), COD (chemical oxygen demand), BOD5 (biochemical oxygen demand), and other toxic and harmful substances are discharged directly before treatment, leading to the serious pollution of the surrounding water bodies, and endangering the surrounding animal and human health. ③ Raise dust and coal dust produced in coal crushing and screening, transport process, lead to the inhalable particulate matter content in the atmosphere increasing. The atmospheric environment quality decreases obviously, and the workers' health is threatened. In this phase, the main problem is the solid and liquid waste are discharged directly, which damages the water and soil ecosystem; however, the quality and use efficiency of raw coal are improved, and the economic development of the coal enterprises and region are promoted in this phase.
Coal transportation phase: atmospheric pollutants escape
The coal production base is away from the consumer base in China, which makes the coal transportation become an integral part of the whole coal life cycle. Years of development, China has formed coal transportation pattern of coexistence with various transport modes (i.e., railway, highway, shipping, and waterway). The railway is the main means, waterway and highway are the important supplement, and highway is mainly for short distance transport (Wang 2013) . Coal transportation contains a series process of the coal storage, loading and transportation, and the dust, coal dust and traffic exhaust produced in the process pollute the atmospheric environment. According to statistics, due to the railway and highway of coal transportation, there is at least 10 million tons of the coal dust discharging to the atmosphere every year. At the same time, because of the coal spontaneous combustion during the transportation process, there are up to 20-30 tons of sulfur oxides, sulfur hydride, and other toxic gas discharging to the atmosphere every year (Wang 2013) . In the phase, the atmospheric pollutants and traffic noise interfere the humanity along the traffic line and have a negative impact on the agriculture, fisheries, and animal husbandry on both sides of the transportation routes; however, the source and consumption areas of coal resources are linked, the exchanges and joint development of regional economy are promoted, and the conditions in insufficient effective demand of local economic development are made up in this phase (Dai 2013) .
Coal utilization phase: greenhouse gas effect aggravates
Coal resources are mainly used to direct combustion, and it is divided into power plant coal, industrial coal, and civil burning coal. By the end of 2013, the total installed capacity of China was 1.246 billion kilowatts, and there was 0.785 billion kilowatts thermal power produced by coal combustion, which accounts for 63 % of the total generating capacity (Wu 2014) . A large number of toxic and harmful elements are discharged in the process of power plant combustion, ① carbon dioxide (CO 2 ), sulfur dioxide (SO X ), nitrogen oxides (NO X ), particulate matter, and other harmful gases are discharged to the atmosphere in the process of coal combustion, which aggravates the regional greenhouse gas effect, makes the atmospheric environment polluted seriously, and threatens the workers' and surrounding residents' health. According to the relevant department statistics, 70 % of the total suspended particulate matter, 90 % of SO 2 , 67 % of NO X , 85 % of CO 2 are derived from the coal utilization (Wang 2011) . ② The waste water is discharged to the environment directly, which causes serious pollution of surface water and underground water. In addition, it harms the surrounding crops, animals, and human health through irrigation, drinking, exposure, and other ways. ③ The slag and fly ash generated in the process of coal combustion stack on the land directly, which presses and pollutes the land. The long-term weathering and leaching on the solid waste would cause serious pollution of the surrounding atmosphere, soil and underground water. In this phase, it mainly destructs and pollutes the atmosphere ecosystem; however, the coal resources are transformed into heat energy, which provides basic protection for the national economy development, and play a decisive role in the national economic development.
Waste disposal phase: negative influence on land ecology
The waste generated in the processes of coal exploitation and utilization mainly includes coal mining tailings and thermal power plant waste, such as coal gangue and fly ash. The waste disposal phase mainly includes the waste recycling and landfill treatment. At present, the waste recycling mainly refers to acting as the filling materials, and producing building materials. Because of coal gangue, fly ash, and other waste materials containing heavy metals and other toxic and harmful elements, acting as filling materials may pollute the soil, groundwater, and planting crops, for example, heavy metal pollution of the reclamation soil in mining area (Dong et al. 2010) . In this phase, a large number of mining waste residue is treated, the ecological problems are improved, but the negative effects of the soil ecosystem are accumulated; however, the land subsidence in mining area is controlled and treated, the area of pressure and damaged land is decreased, and the cost of the ecological treatment in mining area is reduced.
The main characteristics, environmental behavior, ecological response, ecosystem change, social/economic system impact, and response plan/measure in the five phases of the whole coal life cycle are different, and they are shown in Table 1 specifically.
Characteristic inventory
Life cycle inventory is an important basis for the ecological impact evaluation and improvement proposal in life cycle assessment. It is a process of compiling and quantitatively evaluating the input and output of the whole life cycle in a given product system, and its functions are as follows: ➀ comprehensive understanding the interrelated product systems; ➁ identifying research objectives and scope, defining the analysis system, and establishing the system model; ➂ quantitative analyzing the input and output of energy and materials in the product system, and establishing the basic line of system environmental behavior; ➃ identifying the proportion of energy and raw material consumption, pollutant emission in the produce system, and determining process and environmental improvement measures; ➄ providing scientific data to determine the ecological standard, and establishing the sharing mechanism of environmental cost (Peng 2012) . LCI is a progressive process and mainly includes preliminary inventory, target inventory, result inventory, and standard inventory.
Preliminary inventory of the whole coal life cycle is defined as the preparation work before collecting the input and output data in each phase of the whole coal life cycle, which includes determination of the objectives and scope, and making the input-output environmental information table of the whole coal life cycle. Target inventory analysis refers to making clear the input and output items in each phase of the whole coal life cycle, and the way to obtain the inventory data, including data collection and validation. Result inventory is collecting and processing the target inventory data of the whole coal life cycle, including correlation of data and unit process, correlation of data and functional unit, and data merging. Standard inventory is a sensitivity analysis on the results of the whole coal life cycle, determining the importance of data in each phase, and amending the system boundary of the whole coal life cycle defined initially. Taking Jiangzhuang coal mine of Huanghuaihai plain, China as example, the inventory data in each phase of the whole coal life cycle are shown in Table 2 .
Ecological risk assessment in coal utilization phase
The whole coal life cycle is a very complex process, and it is difficult to assess ecological risk of all the phases clearly in a paper. In addition, previous studies have compared the ecological potential risk of the core phases, coal mining, transportation, and utilization phase, the results show that the environmental impact of coal utilization is the highest, and the phase has the greatest ecological risk (Wang et al. 2006 ). Thus, the paper selected the coal utilization phase to assess the ecological risk on the environment. Xuzhou of Huanghuaihai plain is in the northwest of Jiangsu Province, China, with east longitude 116°22′∼118°40′ and north latitude 33°43′∼34°58′, which belongs to the warm temperate semi-humid monsoon climate, and has four distinct seasons, adequate light, and moderate rainfall. Xuzhou is rich in coal resources and has a long history of coal mining, it is an important coal producing area and power base in China. Therefore, the paper takes coal in Xuzhou, China as an example to assess the ecological risk of soil and atmospheric environment in coal utilization phase.
Soil ecological risk assessment in coal utilization phase

Data sources
The data from the three power enterprises which have similar amount of scale and annual coal consumption in Xuzhou, China, is monitored and obtained by the Product Quality Inspection Center of Xuzhou, China in October 2014. The specific data is shown in Table 3 .
Evaluation method: potential ecological risk index method
Potential ecological risk index method, established in 1980 by
Hakanson, is a method applying sedimentology theory to evaluate heavy metal's pollution and ecological damage. The method not only considers the content of heavy metal, but also links the ecological effect, environmental effect, and toxicology together. Potential ecological risk index method is based on the ratio of heavy metals and their corresponding background values to establish the heavy metal ecological toxicity coefficient model. The results reflect the environment impact of a single heavy metal pollutant on a particular environment, or the comprehensive environment impact of a variety of heavy metals on a particular environment, and quantitatively classify the potential ecological risk degree of heavy metal elements. Its formula is as follows:
where C i f represents the pollution coefficient of heavy metal i in a certain environment, C i is the measured content of heavy metal i, and C i is the reference value of heavy metal i. The 
Human ecosystem violation
Regional economic exchanges and common development are promoted.
Zero discharge
Coal utilization Greenhouse gas effect aggravates Waste gas and water, slag, fly ash and other solid waste residue are discharged directly Air quality declines, surface water is polluted, land is pressed.
Atmosphere ecosystem destruction Basic energy for the national economy development is provided.
Green technology Waste disposal
Negative influence on land ecology Solid waste is stacked directly, and the land is filled with hazardous waste.
The harmful elements in filling materials pollute soil, underground water, and plants.
Negative effects on land ecosystem are accumulated The cost of ecological management in mining area is reduced.
Ecological restoration solid waste coal, slag, and ash from coal-fired power generation enterprises are mainly discharged into the soil environment; therefore, the background values of soil heavy metals in Xuzhou city are used as the reference value (Table 3 ) (Lei et al. 2014) ; T i r represents the toxic response factor, the toxicity response coefficients of Cd, Pb, As, and Hg are 30, 5, 10 and 40 respectively (Zhuang and Jiang 2009 ); E i r represents potential ecological risk factor, it is low pollution when E i r is less than 40, moderate pollution when E i r is 40 ∼ 80, higher pollution when E i r is 80 ∼ 160, high pollution when E i r is 160 ∼ 320, and very high pollution when E i r is more than 320 (Zhuang and Jiang 2009; Wang and Qin 2006) ; RI represents integrated potential ecological risk index, it is low pollution when RIis less than 150, medium pollution when RI is 150 ∼ 300, higher pollution when RI is 300 ∼ 600, and high pollution when RI is more than 600 (Peng 2012) .
Soil ecological risk results
According to the formulas (1)-(3), the potential ecological risk coefficients of soil heavy metals in coal utilization phase in Xuzhou are calculated, and the results are as shown in Table 4 .
The potential ecological risk coefficients of the four kinds heavy metals in coal, residue, and ash are followed by Hg > Cd > Pb > As. The potential ecological risk coefficients of Pb and As in coal, residue and ash are all lower than 40 (except for some abnormal data), and their environmental impact on soil present low pollution. The potential ecological risk coefficients of Cd are 62.07 ∼ 300, and 44 % potential hazard coefficients of which are more than 160. The potential pollution impact on soil environment is high. All the potential ecological risk coefficients of Hg are higher than 320, and the potential pollution impact on soil environmental is very high.
All the comprehensive pollution indexes of coal and ash are higher than 600, presenting the very high potential pollution impact on soil environment while the comprehensive pollution indexes of residue are between150 to 300, presenting medium potential pollution impact on soil environment.
Atmosphere ecological risk assessment in coal utilization phase
Data sources
The data from the three power enterprises which have similar amount of scale and annual coal consumption in Xuzhou, China, is monitored and obtained by the Product Quality Inspection Center of Xuzhou, China in October 2014. The specific data is shown in Table 5 . 
Evaluation method: geoaccumulation index method
The atmospheric samples of the paper are primary flue gas and net flue gas, the solid suspended matter contents of them are high, and their deposition are strong. Therefore, geoaccumulation index method is chose to assess the ecological risk of the atmosphere. Geoaccumulation index (I geo ) is a kind quantitative indicator of the heavy metal pollution degree in the atmosphere, soil, and sediment. The method considers not only the effects of the anthropogenic pollution and environmental geochemistry on the background values, but also the influence of the background values caused by the natural digenesis. The calculation formula is as follows (Zhao et al. 2015; Loska 2004; Hu et al. 2013) :
where C i represents the measured concentration of element i in the sample; B i represents the average content of element i in the global shale layer, the average content of Cd, Pb, As, Hg in the global shale layer are 0.29, 16.3, 11.2, 0.01 μg/g; I geo is the geoaccumulation index, it has no ecological risk when I geo is lower than 0, slight ecological risk when I geo is 0-1, moderate ecological risk when I geo is 1-2, moderate strong ecological risk when I geo is 2-3, strong ecological risk when I geo is 3-4, stronger ecological risk when I geo is 4-5, and very strong ecological risk when I geo is more than 5 (Zhao et al. 2015) .
Results of atmospheric ecological risk
According to the formula (4), the geoaccumulation indexes of the atmospheric heavy metals in coal utilization phase of Xuzhou are as shown in Table 6 . The geoaccumulation indexes of the four kinds heavy metals in primary flue gas and net flue gas are followed by Cd > Hg > As > Pb. The geoaccumulation indexes of Cd and Hg in primary flue gas and net flue gas are all higher than 5, and their ecological risk are very strong; the geoaccumulation indexes of Pb in primary flue gas and net flue gas are negative, and it does not present the ecological risk characterization; 50 % of the geoaccumulation indexes of As are between 3 and 4, and it has a strong ecological risk.
The geoaccumulation indexes of Cd and As in primary flue gas are lower than those in net flue gas, which indicates that the ecological risk of Cd and As in primary flue gas is lower than that of net flue gas. The geoaccumulation indexes of Hg in primary flue gas are close to those in net flue gas.
Conclusions and proposals
The coal exploitation and utilization are a complex periodic process. The paper divided the whole coal life cycle, analyzed each phase characteristics, and took coal in Xuzhou, China, as an example to assess the ecological risk in coal utilization phase. Based on the research results, coal and coal mine characteristics, and the whole life cycle connotation, the whole coal life cycle can be divided into five phases: coal mining, processing, transportation, utilization, and waste disposal. The priority for production organization and characteristics in the five phases are different. In coal mining phase, the main characteristics are that the key ecological factors (water, soil, atmosphere, vegetation, etc.) are damaged and the primary ecosystem is interfered; waste discharged and the water and soil ecosystem damaged are main characteristics in coal processing phase; the characteristics in coal transportation phase mainly performances as the migration and diffusion of atmospheric pollutants, and human ecosystem is disturbed; in coal utilization phase, the main characteristics are that greenhouse effect aggravates, and atmospheric ecosystem is destroyed; the main characteristics is negative ecological effects accumulating on the land in waste disposal phase. The ecological risk of soil heavy metals and atmospheric solid suspended matter is serious in coal utilization phase. ① The potential ecological risk coefficients of Pb and As in coal, residue, and ash are all lower than 40, and their environmental impact on soil present low pollution; the potential ecological risk coefficients of Cd are higher than 60, and nearly half of them are higher than 160, its environmental impact on soil exists high pollution; the Hg's potential ecological risk coefficients are higher than 320, and its environmental impact on soil is very high pollution; the comprehensive pollution indexes in coal, residue, and ash are relatively higher, which have higher potential pollution hazard on soil environment. ② The ecological risk of Cd and As in primary flue gas are lower than net flue gas. The geoaccumulation indexes of Cd and Hg in primary flue gas and net flue gas are higher than 5, and their ecological risk are very strong; 50 % of the geoaccumulation indexes of As are between 3 and 4, and it has a strong ecological risk; Pb does not present the ecological risk characterization. Each phase characteristics of the whole coal life cycle are different, and the environmental behavior and ecological negative effects are also different. It is necessary to take appropriate measures to relieve the ecological pressure in the process of coal exploitation and utilization. Proposal one, constructing reclamation projects in coal mining phase, such as land reclamation, adding soil amendment, and planting restoration vegetation. Proposal two, realizing clean production in coal processing phase by enhancing processing technology, improving the production management system, etc. Proposal three, developing green technology in coal utilization phase, such as desulfurization, denitrification, and advanced dust control technologies.
